Abstract Ginger is an economically important and valuable plant around the world. Ginger is used as a food, spice, condiment, medicine and ornament. There is available information on biochemical aspects of ginger, but few studies have been reported on its molecular aspects. The main objective of this review is to accumulate the available molecular marker information and its application in diverse ginger studies. This review article was prepared by combing material from published articles and our own research. Molecular markers allow the identification and characterization of plant genotypes through direct access to hereditary material. In crop species, molecular markers are applied in different aspects and are useful in breeding programs. In ginger, molecular markers are commonly used to identify genetic variation and classify the relatedness among varieties, accessions, and species. Consequently, it provides important input in determining resourceful management strategies for ginger improvement programs. Alternatively, a molecular marker could function as a harmonizing tool for documenting species. This review highlights the application of molecular markers (isozyme, RAPD, AFLP, SSR, ISSR and others such as RFLP, SCAR, NBS and SNP) in genetic diversity studies of ginger species. Some insights on the advantages of the markers are discussed. The detection of genetic variation among promising cultivars of ginger has significance for ginger improvement programs. This update of recent literature will help researchers and students select the appropriate molecular markers for ginger-related research.
Introduction
Gingers are perennial herbs that belong to the large family of Zingiberaceae. Ginger ranges in height from B10 cm to 8 m. Some species are almost prostrate near the ground. Gingers have an aromatic rhizome that is subterranean or above ground, and each can produce a leafy shoot. The inflorescences are terminal either on the leafy shoot or on the leafless shoot. Ginger flowers are fragile and have a short vase life. In most genera, they emerge from base to apex of the inflorescence [1] .
The majority of commercially used gingers are from the genera Alpinia, Amomum, Curcuma and Zingiber. In some species (Zingiber officinale, Curcuma domestica, and Alpinia galanga) rhizomes are utilized as a condiment in food and for medicinal purposes. In recent years, more genera of gingers have been exploited for their medicinal value and use as ornaments and cut flowers. Ginger is widely used in the production of beverages such as ginger beer, ginger ale and ginger wine [2] . In Arabian medicine, ginger is considered as an aphrodisiac, while some African societies believe that eating ginger regularly will help repel mosquitos [3] . Zingiberaceae are relatively new as ornamental or landscape plants. They are mostly plants with colorful and attractive inflorescence and foliage. A few species are commonly used in cultivation, such as Alpinia purpurata, Hedychium coronarium, Globba winitii, Etlingera elatior and Curcuma alismatifolia.
Many researchers have studied ginger genetic diversity based on geographical availability [4] [5] [6] . DNA-based molecular markers are well recognized as influential and versatile tools in the fields of plant physiology, taxonomy, plant breeding and genetic engineering because they demonstrate differences in DNA nucleotide sequences [7, 8] . Evidence has shown that molecular markers are significant tools in characterizing assessing genetic variability within and between species and populations. Understanding the variability could improve not only its description but also the development of conservation strategies for future breeding purposes [9] .
The molecular method for identifying plant varieties or genotypes is more common than the use of morphological markers [10] because it permits direct access to genetic material and has potential for exploring plant associations [11, 12] . PCR-based molecular markers are broadly applied for identification, population studies, phylogenetic evaluation and genetic linkage mapping in many plant species [11] .
ISSR markers give high reproducibility compared to RAPD markers [13] . However, RAPD markers were reported to be more appropriate for genetic diversity analysis of clonal organisms [14] . Additionally, except for a few reports on RAPD, only a limited number of studies have reported on the application of molecular markers in ginger characterization [15, 16] . Thus, this review focuses on the current studies on the application of biochemical and molecular markers of gingers species. Some insights on the advantages of application of the markers are also discussed.
Genetic diversity analysis and cultivar identification
Genetic diversity analysis is the process of determining the level of genetic variation among individuals, groups of individuals and populations. The information includes quantitative data and many types of variables. In crops, different data groups have been used to evaluate genetic diversity, such as pedigree data, passport data, morphological data and biochemical data. Alternatively, DNAbased marker data have been used to access more reliable variation of genotype [17] . The degree of variation could be directly measured by using a molecular-based technique such as isozyme or DNA analysis. Discovery and assessment of genetic diversity can help us understand the molecular basis of different biological phenomena in the organism [18] .
Identification and characterization of germplasm is an important link between the conservation and utilization of ginger genetic resources. In practical concerns, the continued release of new cultivars makes the development of new techniques for genetic purity determination even more essential. Due to resurgent interest in commercial development of different ginger cultivars as new spice crops, it has become necessary to precisely characterize the genetic diversity that exists in cultivars, advanced selections and native populations [15] . This is one step toward providing accurate genetic information for future breeding and germplasm collection efforts [19] . The assessment of genetic diversity can be done within and between populations at the molecular level using various techniques such as allozymes or DNA analysis [20] . Different marker-based techniques are available for identifying plants. PCR-based molecular markers have been extensively used in many plant species for identification, phylogenetic analysis, population studies and genetic linkage mapping. The RAPD markers can also be used in genotype identification [21, 22] .
Molecular markers for genetic diversity
Previous studies of morphology, anatomy, physiology and embryology were applied in genetic analysis to determine variation in a population or species. The analysis of genetic diversity in plants has traditionally been investigated by analysis of morphology or biochemical traits [23] . Phenotype evaluation may not be a reliable measure of genetic variation due to environmental influences on gene expression. Molecular markers play the most significant role in studies of genetic variability and diversity because of the relative ease of their generation and elimination of the environmental effect.
Evaluation of genetic variation and patterns of population/species genetic diversity gives us insight for breeding methods that give rise to fast adaptation and conservation. Information provided by molecular markers ranges from single nucleotide polymorphisms (SNPs) to genotype information (gene and allele frequencies), measurement of genetic differences and population structure [24] . Various types of molecular genetic markers are available for identification and characterization of genetic variation. Each molecular marker has its own quality and, therefore, must be chosen properly based on the information each provides and the ease of genotyping [25] .
In recent years, arbitrarily amplified dominant (ADD) markers for genetic diversity assessment have been changed to more advanced markers such as gene-targeted functional markers. Well-established techniques, such as RAPD, SSR, ISSR and AFLP, are widely applied in ecological, evolutionary, taxonomic, phylogenetic and genetic diversity studies of plants. These traditional genetic techniques are well known for their advantages and disadvantages. Recently, a new class of advanced techniques was introduced that is designed from a combination of traditional techniques. These promising techniques were modified from several basic techniques to increase sensitivity and resolution due to their ability to detect genetic discontinuity and distinctiveness. These techniques also utilize specific classes of DNA elements such as retrotransposons and mitochondrial and chloroplast-based microsatellites. Thus, they can discover genetic deviation through increased genome coverage [18, 26] .
Major advanced techniques of genetic diversity study are divided into two groups, i.e., targeting fingerprinting markers (TFMs) and mobile element-based molecular markers.
TFMs consist of six techniques:
and Targeted Region Amplified Polymorphism (TRAP) (6) Conserved Region Amplification Polymorphism (CORAP)
Mobile element-based molecular markers include:
and Retrotransposon Microsatellite Amplified polymorphism (REMAP) (2) Retrotransposon-Based Insertion Polymorphism (RBIP) (3) Retrotransposon-Based Sequence Specific Amplification Polymorphism (SSAP) [18] .
Comparison of available molecular markers
The various techniques of molecular evaluation vary in their main characteristics, including the amount of DNA required, quality of DNA required, the degree of polymorphism, locus specificity, reliability, ease of replication, technical requirements and cost per assay [20, 24] . Comparative advantages and disadvantages of different molecular markers are shown in Table 1 . The applications of available molecular markers in the study of ginger genetic diversity are presented in Table 2 .
Molecular markers available for ginger studies
The application of molecular markers in ginger species is currently insufficient. Only a few studies have been reported that used biochemical or molecular markers in ginger species. The most outstanding in molecular genetics is the application of molecular markers for the identification and exploitation of DNA polymorphisms [7, 57, 58] . The most popular species on which these tools were applied are Zingiber officinale and Curcuma species. The application of molecular markers includes study of genetic diversity [15, 16, 48] , phylogenetic analysis [41] , species relationship [32, 59] and species identification [42] . The most popular molecular markers used in ginger species studies include isozyme, allozyme, RAPD, AFLP, Microsatellite (SSR), and ISSR markers ( Table 3) .
Application of molecular markers for studying ginger diversity
Numerous studies have applied arbitrarily amplified assessment (AAD) in ginger diversity evaluation (Fig. 1) . RAPD is the most widely used AAD technique in ginger studies. To date, only one study relating to ginger diversity assessment using retrotransposon as the genetic marker has been published [60] . Mobile element-based molecular markers such as IRAP and REMAP were successfully applied to assess genetic diversity among ginger landraces from India. The study also showed the presence of Sukkula retrotransposon (RT6) in the ginger genome. This genetic marker can detect high regional genetic diversity in the ginger gene pool. First, IRAP and REMAP were tested on barley (Hordeum vulgare) and were used to successfully differentiate between varieties and to develop their DNA fingerprinting [82] . Moreover, these techniques were applied on bananas [83] for genome classification, barleys for somaclonal variation [84] , wheats for genetic diversity [85] and alfalfas to identify their heterotic group [86] . The achieved data from the studies could be valuable for future breeding programs for every species. In addition, retrotransposons are playing an important role in crop evolution [87] and as potential targets for genome analysis [88] . Another advanced TMF technique has been applied in the study of ginger diversity. The P450-based analogue (PBA) marker was used to access molecular characteristics of Myanmar ginger, Z. barbatum [72] and C. amada [71] . PBA is a functional marker system that covers the entire genome. Previously, these markers showed promising results in diversity studies of higher plant species [89] , banana landraces from Myanmar [90] and fragmented populations of Withania coagulans from Pakistan [91] . The greatest advantages of PBA are high reproducibility and power of polymorphism detection in functional regions [89] .
High polymorphism is one desirable property of molecular markers that would be selected for studying diversity. The level of polymorphism is an average of the probability that two alleles taken at random can be differentiated [27] . Among molecular markers popularly used in studying plant species, SSR and AFLP contribute to high levels of polymorphisms [7, 27, 28, 92] . This has been shown in ginger diversity studies, which show similar patterns of polymorphic percentage (Table 4) .
Isozymes and allozymes
Isozyme markers are quick and easy to use because they do not require DNA extraction, sequence information, primers or probes. These biochemical markers detect variations as electrophoretic protein polymorphisms. Approximately 90 isozyme systems have been used for plants. In many studies, the isozyme loci were mapped [93] .
Isozyme markers have been successfully used in Zingiberaceae, such as Curcuma alismatifolia, Boesenbergia, Kaempferia, Scaphochlamys and wild ginger (Siphonochilus aethiopicus). Using the markers demonstrated that natural populations of ginger species have higher diversity compared to cultivated populations. Polymorphisms varied from 4.5 to 100 % in cultivated populations, while in natural populations, they were found to be 50-100 % [ [29] [30] [31] . These may be due to the reproduction mode [31] , multiplication process [29] and the origin of species [30, 94] . Isozyme markers have also been used to investigate the relationships among taxa in ginger species. This technique has successfully supported taxonomical classification [76, 79] . Z. officinale, C. longa, C. amada, Z. barbatum, Z. mioga, C. zedoaria, C, aromatica, C. xanthorrhiza, K. pandurata, K. galangal, A. officinarum, Alpinia spp.
RFLP [81]
Z. officinale, Z. rubens, Z. zerumbet, Z. chrysanthum, Z. clarkei, Z. cassumunar, C. longa, C. amada, C. aromatic, C. caesia
RAPD, ISSR and SSR [52]
Curcuma longa. C. amada, C. aromatic, C. zedoaria, Hedychium coronarium RAPD [8] Random amplified polymorphic DNA (RAPD)
The basic technique for RAPD is differential PCR amplification of genomic DNA. Several studies have examined the application of RAPD in ginger species. RAPD has been used in the evaluation of genetic diversity, species identification and confirmation of the relationship between species or among genera, varieties and cultivars. RAPD as a marker is well-established in generating reproducible polymorphic bands. Clones [40] , cultivars [15] , varieties [8, 10, 16, 62] , accessions [36] or genotypes [35, 37, 38, 95] can be distinguish by RAPD markers with high resolving power value. The resolving power of RAPD markers was displayed by the high value of polymorphism, for example, 92.66 % [34] and 96.84 % [37] . This shows the advantages of RAPD as a more reliable marker for identifying closely related ginger cultivars or varieties. Moreover, RAPD has been used for identifying irradiated clones of Etlingera elatior. Variation among the induced mutant clones could be used to support the selection process at the early stage of the plant [40] .
Additionally, RAPD markers can differentiate ginger populations based on their collection sources. Populations of Z. zedoaria [14] and Z. officinale [32, 34] were distributed into two groups that exist in hill areas and plain areas, respectively, while farm collections showed wide genetic diversity compared to the GenBank and market collections. Furthermore, RAPD has proven to be an effective tool for detecting genetic diversity at the interspecific and intraspecific levels [6, 8, 39] . Thus, it has been shown that RAPD can be used for identification as well as classification of ginger species. The genetic variation of Zingiber zerumbet was determined by a RAPD technique [96] .
Amplified fragment length polymorphism (AFLP)
Amplified fragment length polymorphism (AFLP) markers are capable of disclosing a greater number of polymorphisms with a single reaction. Thus, this marker has become the main tool in genetic marker technologies [28] . The genetic relationship within a species or genus could be determined using AFLP markers. The polymorphic bands were quite low within species (11.45 [45] ). Using AFLP analysis, it was found that ginger phylogenetic relationships mostly corresponded to their morphological characteristics [41] and modes of reproduction [44, 59] . Genetic diversity patterns within different genome sizes of Curcuma populations were confirmed to be influenced by the mode of reproduction. Hexaploid species displayed higher genetic diversity compared to higher polyploids (9x, 15x). Vegetative propagated plants particularly reproduce from higher polyploids, while sexually propagated plants are primarily reproduced from hexaploids [44] .
Moreover, ALFP markers could provide species-specific identification for examined species and produce a large number of reproducible markers to assess diversity across the nuclear genome. Three species of Zingiber, Z. officinale, Z, montanum and Z. zerumbet, were identified by using this DNA fingerprinting marker. This shows that ALFP can be used as a reliable parameter for identifying Fig. 1 Percentage of ginger diversity studies utilizing different types of molecular markers species, even if they are not collected from the same locations. Thus, flower morphology, which is required in traditional taxonomic studies, is no longer necessary for plant identification [45] .
Microsatellite or simple sequence repeat (SSR)
The microsatellite marker is believed to be one of the most powerful markers in studying genetic diversity. It can accurately assess the level of genetic diversity within a germplasm of any crop. Available polymorphic microsatellite markers have been found in the ginger species Zingiber officinale [63] and Curcuma longa [68, 69] . Until now 56 genomic SSR markers and 17 EST-SSR markers have been developed for C. longa, while only eight genomic SSR markers have been reported in Z. officinale. The number of alleles revealed from these studies ranged from 2 to 8 [63] , 3-8 [69] , 2-9 [97] and 2-11 [68] . Maximally three alleles per individual were detected in the genotyped markers of C. longa [68, 69, 97] . This banding pattern agrees with the triploid status of the species. SSR markers from other species have also been tested and successfully used in ginger [46] . On the other hand, SSR markers displayed better polymorphism results compared to ISSR [50, 67] and IRAP [67] markers. The development and characterization of microsatellite markers for ginger species would be useful for future studies evaluating genetic diversity [47] and genetic divergence among species. Furthermore, SSR markers could be used for ginger breeding improvement programs.
Inter-simple sequence repeat (ISSR)
Inter-Simple sequence repeat (ISSRs) are semi-arbitrary markers amplified by PCR in the presence of one primer corresponding to a target microsatellite [28] . They are randomly distributed throughout the genome. The main advantage of ISSRs is that the amplification does not RAPD Curcuma longa.C. amada, C. aromatic, C. zedoaria, Hedychium coronarium 70.00 [8] require genome sequence information and produces high fragments. ISSR is effective for differentiating relationships among closely related ginger cultivars [50] . Studies of various plant species, such as onion [98] , sorghum [99] , safflower [100] , grape [101] , durian [102] and mango [103] , applied ISSR markers for cultivar identification. This technique has been confirmed to show higher polymorphisms (98.55 %) compared to RAPD (93.22 %) and AFLP (97.27 %) markers when tested on Curcuma species [4] . ISSR also revealed high polymorphisms (77 %) between varieties of Curcuma alismatifolia [51] . However, ISSR markers were found to be less informative (34.61 %) compared to AFLP (95.06 %) in the case of wild the ginger species, Z. moran [53] and cultivars of Northwest Himalayan (ISSR, 66.7 % polymorphism compared to SSR, 77.8 %) [50] . The differences in resolving power of these markers is due to the difference portions of the genome that are targeted. Thus, it is essential to apply different molecular techniques in diversity studies of any crops.
Combination of RAPD and ISSR
Several ginger studies applied both RAPD and ISSR as molecular markers. RAPD and ISSR have been used for genetic diversity studies in various plant species including cucumber [104] , solanum [105] , garlic [106] and date palm [107] . RAPD markers are reported to be more suitable for genetic diversity analysis. However, ISSR markers are more reproducible compared to RAPD markers [108] . Therefore, the percentage of polymorphisms using ISSR markers was quite higher than RAPD markers [5, 33, 48] . Combining data from the two markers would give a better result in terms of species differentiation [52] . Additionally, RAPD and ISSR have been used to assess genetic diversity among micro-propagated [54] [55] [56] and cloned [49] ginger species. The aim of the studies was to reveal monomorphic bands to confirm genetic stability or uniformity.
Other markers application in ginger diversity studies
Other markers that have been used in ginger species include restriction fragment length polymorphism (RFLP), sequence characterized amplified region (SCAR), nucleotide binding site (NBS) and single nucleotide polymorphism (SNP). RFLP is a non-PCR-based technique. This technique is not very popular due to its high cost and its being time consuming. However, PCR-RFLP was applied to evaluate genetic variation of chloroplast DNA in 11 species of Zingiberaceae [81] . Furthermore, the PCR-RFLP was able to detect interspecific variability by using the identified specific enzymes and cpDNA gene regions.
The SCAR marker has been developed to overcome the limitation of RAPD [64, 77] because this marker is specific and reproducible. SCAR markers have been applied for species identification in various organisms, such as plants [109] [110] [111] , insects [112, 113] , microbes [114] and animals [115] . One marker, P3, was found to be specific for Z. officinale, which could be used for ginger identification in multicomponent formulations and for differentiating relatives [64] . Another marker, P5, is Zingiber-genus-specific, and this marker is not amplified in other plants belonging to the family Zingiberaceae (A. galangal and C. longa), as well as non-Zingiber species [64] . Like others, NBS is also a PCR-based method. The NBS targeting area is a chromosome region which contains R-genes and R-gene analogous. Specifically, NBS profiling is a new marker application in targeting resistance genes. Previously, NBS successfully revealed genetic diversity in durum wheat [116] and, very recently, in ginger [66] . Admittedly, the NBS marker could be useful to evaluate the whole genetic diversity of plants because of its ability to detect regions high in resistance genes.
Finally, the rarest molecular markers applied in studies of ginger diversity are markers for SNPs. SNPs are single nucleotide variations in the genome sequence of individual of a population [18] . SNPs, which are used as markers for genetic studies, can be detected using expressed sequence tags (EST). SNPs in Z. officinale were identified through existing EST databases of ginger [65] , while SNP analysis was performed on C. kwangsiensis to discover the relationship between genotype and phenotype [74] .
Conclusion and future perspectives
Molecular markers are a powerful new tool for identifying and characterizing plant varieties or genotypes. They are an irreplaceable application to studying biodiversity at the genetic level. However, a marker system in one species does not necessarily specify its applicability to another species. The marker choice typically depends on the purpose for which the marker system will be used. RAPD markers can be used for studying genetic diversity because they are a simple, cost-effective, rapid, inexpensive and effective system for studying plant genetic relationships. Identifying a genetic relationship through RAPD markers provides a method for identification of varieties that is more reliable than using morphological characteristics. The genetic variability in a gene pool is normally considered to be the major resource available to breeders for ginger improvement programs. The molecular marker approach will help breeders in finding new sources of variation and exploring the genetic factors that control inherited quantitative traits. Therefore, there is a need to conduct more genetic diversity studies in ginger species for breeding and conservation purposes.
